We describe the expected scientific capabilities of CHARIS, a high-contrast integral-field spectrograph (IFS) currently under construction for the Subaru telescope. CHARIS is part of a new generation of instruments, enabled by extreme adaptive optics (AO) systems (including SCExAO at Subaru), that promise greatly improved contrasts at small angular separation thanks to their ability to use spectral information to distinguish planets from quasistatic speckles in the stellar point-spread function (PSF). CHARIS is similar in concept to GPI and SPHERE, on Gemini South and the Very Large Telescope, respectively, but will be unique in its ability to simultaneously cover the entire near-infrared J, H, and K bands with a low-resolution mode. This extraordinarily broad wavelength coverage will enable spectral differential imaging down to angular separations of a few λ/D, corresponding to ∼0. 1. SCExAO will also offer contrast approaching 10 −5 at similar separations, ∼0. 1-0. 2. The discovery yield of a CHARIS survey will depend on the exoplanet distribution function at around 10 AU. If the distribution of planets discovered by radial velocity surveys extends unchanged to ∼20 AU, observations of ∼200 mostly young, nearby stars targeted by existing high-contrast instruments might find ∼1-3 planets. Carefully optimizing the target sample could improve this yield by a factor of a few, while an upturn in frequency at a few AU could also increase the number of detections. CHARIS, with a higher spectral resolution mode of R ∼ 75, will also be among the best instruments to characterize planets and brown dwarfs like HR 8799 cde and κ And b. We then use the thousands of mini spectra to reconstruct the data cube, the spectrum of each spatial element of the field-of-view.
. The basic concept of a lenslet-based IFS. A lenslet array samples the image plane, focusing the light into a sparse grid. Light from each spatial element is then dispersed by a prism before eventually landing on the detector. We then use the thousands of mini spectra to reconstruct the data cube, the spectrum of each spatial element of the field-of-view.
INTRODUCTION
Thousands of exoplanets have recently been discovered around nearby stars, the overwhelming majority by indirect techniques like transits and radial velocity variations in their host stars. These techniques become ineffective at large separations: the amplitude of the radial velocity signal drops as the period increases, while the probability and frequency of transits both fall precipitously. With adaptive optics (AO) systems on 8-10 meter telescopes, it has recently become possible to directly image massive planets shining by their residual heat of formation.
Direct imaging is sensitive to a different planet population than the radial velocity and transit methods, and is particularly well-suited to finding more massive brown dwarf companions. By obtaining light directly from a substellar companion, imaging also offers the opportunity to characterize its effective temperature, gravity, and chemistry, and ultimately to learn about its mode of formation. Spectra have now been taken of a few planets using direct imaging, 1, 2 offering hints of their chemical compositions. The addition of many more spectra in the coming years will enable the spectral classification of substellar objects extending far below the deuteriumburning limit.
CHARIS, the Coronagraphic High Angular Resolution Imaging Spectrograph, 3, 4 is part of a new generation of high-contrast instruments called integral-field spectrographs (IFSs). These instruments obtain a spectrum of each spatial element of their fields-of-view, producing a data cube with two spatial (x, y) and one spectral (λ) dimension. The spectral information allows post-processing software to take advantage of the fact that the stellar point-spread function (PSF), as a diffraction phenomenon, scales with wavelength. Physical companions can thus be separated from quasistatic speckles. Combined with very high performance AO systems, instruments like GPI 5 
and SPHERE
6 in the Southern Hemisphere are beginning large-scale exoplanet surveys with unprecedented contrast at small angular separations.
CHARIS is similar in concept to GPI and SPHERE, but lies in the Northern Hemisphere. CHARIS will offer two dispersion modes, R ∼ 18 and R ∼ 75, and will cover the near-infrared from 1.15 to 2.4 µm (the J, H, and K bands). Its simultaneous spectral coverage from J to K (1.15-2.4 µm) in its low-resolution mode will be unique in its class of instruments. With a very high-quality input beam from SCExAO, 7 the Subaru Coronagraphic Extreme Adaptive Optics system, CHARIS will achieve contrasts approaching 10 −5 at an inner working angle of ∼0. 1 (∼3 λ/D), with the contrast improving by at least an order of magnitude at ∼1 . In this paper, we review CHARIS's design and expected performance, and summarize its anticipated science yield. Figure 2 . Conceptual layout of the Subaru Nasmyth platform as it will function with CHARIS. Subaru will feed its beam to AO188, which will perform a low-order wavefront correction. SCExAO will perform a high-order correction and add coronagraphy, delivering a very high-quality beam to CHARIS.
CHARIS SPECIFICATIONS
CHARIS is a lenslet-based IFS that will sit behind SCExAO on the Subaru Telescope's Nasmyth platform. CHARIS will use its lenslet array to sample the image plane, rendering the image sparse and providing space for a prism to disperse. It will produce a data cube, with two spatial and one spectral dimension (see Figure 1 ). CHARIS's basic design was first used in the TIGER IFS, 8 and is similar to that used in GPI and SPHERE.
CHARIS adds several enhancements to the basic design shown in Figure 1 . These include a pinhole grid printed onto the back of the lenslet array to reduce diffractive cross-talk between spatial and spectral positions, and multiple dispersing modes to optimize CHARIS for both sensitivity and resolving power. CHARIS will be the first IFS to use L-BBH, a new glass developed by Ohara with a remarkably flat index of refraction across the near-infrared. This material allows our high-resolution mode (R ∼ 75) to cover the J, H, or K band in a single observation. GPI, for comparison, must split the K band in half because their prism's dispersion sharply rises redward of ∼2 µm.
CHARIS's use of the new LBBH glass also allows for its unique feature: a low spectral resolution mode (R ∼ 18) in which the entire near-infrared from J to K (1.15 to 2.4 µm) may be observed simultaneously. This not only allows CHARIS to collect more photons, but provides a full factor of two in wavelength coverage for spectral differential imaging (SDI). Table 1 lists CHARIS's main specifications.
CHARIS is the successor to the HiCIAO high-contrast camera 9 on the Subaru Telescope. HiCIAO received its beam from AO188, 10 a 188-actuator adaptive optics system. AO188 is currently being augmented by SCExAO, which uses a pyramid wavefront sensor, active speckle nulling, 11 and a choice of several coronagraphs to dramatically improve contrast. Figure 2 shows a schematic of the Nasmyth bench as it will function with CHARIS.
CURRENT HIGH-CONTRAST IMAGING ON SUBARU: THE SEEDS SURVEY

The Strategic Exploration of Exoplanets and Disks with Subaru (SEEDS) Survey
12 is a five year, 120 night strategic observing program on the Subaru Telescope, currently nearing completion. SEEDS uses HiCIAO, the predecessor of CHARIS, to search for exoplanets and characterize dust disks using high-contrast imaging. SEEDS consists of two main observing modes:
1. Polarized differential imaging (PDI), in which a Wollaston prism separates the two linear polarization directions. These polarizations are subtracted to construct a map of polarized intensity.
Angular differential imaging (ADI)
, in which field rotation is used to distinguish point sources from quasistatic speckles.
PDI has been used very successfully to image young circumstellar disks. Using PDI, SEEDS observations have discovered large central gaps 13, 14 and spiral structures 15 in disks, which may point to unseen planets.
Most of SEEDS' time has been spent searching for substellar companions using ADI observations of several hundred nearby stars. HiCIAO discovered one brown dwarf, GJ 758 B, 16 in commissioning, and an additional two substellar companions, GJ 504 b 17 and κ And b, 18 during the main SEEDS survey. GJ 504 b is a particularly interesting object, with a low mass (∼3-8 M Jup ), a low temperature, and strong methane absorption, 19 though both it and GJ 758 B lie outside CHARIS's field-of-view. The substellar companion to κ And has a very large uncertainty in its mass, from ∼12-50 M Jup , 18, 20 due to controversy over the host star's age. CHARIS observations could provide spectral signatures of κ And b's surface gravity, helping to resolve this controversy (see Section 7).
SEEDS observations, in addition to discovering new substellar companions, have helped place stringent constraints on the population of wide-separation exoplanets.
21 SEEDS data, combined with other surveys, require that the population of planets found by radial velocity surveys cannot be extrapolated beyond ∼30-70 AU (depending on the planetary atmosphere model). The data are also most consistent with a single substellar population, from ∼5 M Jup up to the hydrogen burning limit, accounting for the SEEDS companions. The following sections describe the implications of these findings for CHARIS.
SUBSTELLAR POPULATIONS
CHARIS will serve as both a survey/discovery instrument and a characterization tool. The population of exoplanets and brown dwarfs available to discovery depends on the mass function, substellar cooling curves, and the age distribution of the target sample. Radial velocity surveys have extensively characterized the population of objects 10 M Jup within ∼3 AU, 22 while direct-imaging survey results seem to be mostly consistent with a higher-mass, brown dwarf-like distribution from ∼5-70 M Jup at separations of up to ∼1000 AU.
21
Given substellar cooling models and measured mass and age distributions, we can compute substellar luminosity functions. These are shown in Figure 3 for the radial velocity mass function 22 with both the BT-Settl hot-start cooling models 23 and Spiegel/Burrows warm-start models. 24 The warm-start models have initial entropies just slightly higher than those of the coldest Spiegel/Burrows models. The luminosity functions are cumulative distribution functions, showing the fraction of objects more luminous than a given absolute magnitude. All curves assume a uniform distribution of ages between 10 Myr and the age indicated. Figure 4 shows the same luminosity functions as Figure 3 , but for the substellar mass function derived from direct imaging surveys.
As Figures 3 and 4 indicate, the best targets for direct imaging planet searches are nearby young stars. Unfortunately, such stars are rare. The nearest starforming regions, such as Taurus and the ρ Ophiuchus cloud complex, lie at distances of ∼100-150 pc. Several moving groups, with ages ranging from ∼10-100 Myr, lie at distances of ∼20-50 pc. 25 However, these groups collectively contain just a few hundred stars, nearly all of which have already been targeted by one or more high-contrast instruments. Nearby field stars can be much closer but are typically several Gyr old and difficult to date. A CHARIS survey thus has three basic target selection strategies: The available discovery space, in projected separation and contrast, depends on distance and previous observations, while the discovery space in companion mass also depends on target age. Figures 3 and 4 show the luminosity distributions of these target samples, both for planet-like and brown dwarf-like distributions. The violet curves correspond to the age distribution in very young clusters, while the blue curve corresponds to that for young moving groups, and the dark red curves show the approximate luminosity functions for the local field. Each population has a typical distance ∼2.5 times that of the next closest, corresponding to a distance modulus (difference between apparent and absolute magnitudes) of ∼2 magnitudes.
SENSITIVITY
CHARIS's low-dispersion mode will allow for SDI over an unprecedented wavelength range, and should vastly improve the achievable contrast at small angular separations. SDI uses the fact that speckles, which are diffraction spots in the stellar PSF, scale with wavelength in their separation from the star's location. A speckle at separation r is thus spread over a range δr = rδλ/λ, where δλ/λ is the filter width. For an instrument like GPI, operating on a single ∼20% band at a time (e.g. H, from ∼1.5-1.8 µm), δr ≈ 0.2r. SDI is only effective at separations where the radial extent of a speckle is large compared to the size of the planet's PSF. Thus, for a 20% bandpass, SDI requires an angular separation 1/0.2 = 5 λ/D, with its effectiveness dropping sharply near this separation. For a wavelength at the center of the bandpass, the furthest reference wavelength is just δλ/2 away. As a result, SDI will only be effective for all wavelengths at separations 10 λ/D, or 0. 4 for an 8 meter telescope at 1.6 µm. CHARIS, with a full factor of 2 in simultaneous wavelength coverage, will be able to fully exploit SDI down to separations of just a few λ/D, ∼0. 1.
CHARIS will sit behind SCExAO on Subaru's Nasmyth platform, and will benefit from a high-quality input beam. SCExAO expects to deliver contrast approaching 10 −5 up to an inner working angle of ∼0. 1, ∼3λ/D at the J band. CHARIS will also be background limited in its low-dispersion mode, allowing it to reach a limiting H-band magnitude of ∼24.
SCExAO is currently in its final stages of commissioning. Though the pyramid wavefront sensor is now installed, the SCExAO software has not yet reached the full number of spatial modes it will ultimately correct. We therefore cannot use on-sky measurements of the AO performance, and instead use a heuristic fitting function that mimics the basic performance achieved by the GPI team, 26 but with better contrast at very small angular separations. The latter assumption is due both to SCExAO's expected contrast at a ∼0. 1 inner working angle with the PIAA coronagraph and to our exceptionally broad wavelength coverage in CHARIS's R ∼ 18 dispersion mode, enabling SDI to be effective even at these small angular separations.
In our contrast-limited case, we provisionally adopt the equation
with δφ being the angular separation and ∆m the contrast in magnitudes. Equation (1) gives a contrast of up to 12 magnitudes 1.6 × 10 −5 at 0. 1 and 14.7 magnitudes at 0. 5. This is significantly better than GPI's contrast at very small separations, and very slightly better (by less than 1 magnitude) at 0. 5. 26 We combine Equation (1) in quadrature with a flat magnitude limit of 23 to obtain effective contrast curves.
CHARIS DISCOVERY PROSPECTS
A multitude of recent surveys have imaged ∼1000 young, nearby stars to search for faint substellar companions. The additional discovery space CHARIS will provide will be at larger contrasts, but especially at smaller separations. Archival high-contrast imaging is already sensitive to most companions above the deuterium burning limit (i.e. with masses 13 M Jup ) at separations 10 AU. CHARIS will fill in the space of companions down to a few M Jup , as low as ∼1 M Jup around the very youngest and closest stars, at separations of a few AU.
The left panel of Figure 5 shows the completeness of a heterogeneous sample of ∼250 nearby stars that was recently compiled from several different surveys [27] [28] [29] [30] [31] for a statistical analysis. 21 The stars range in spectral type from mid M to early A, and in age from ∼10 Myr to several Gyr. The large spread in ages arises largely because of the difficulty of dating individual stars. The most reliable ages come from membership in nearby moving groups, which is often difficult to assign. However, recent Bayesian analyses 25, 32 are beginning to treat moving group membership in a more systematic way, giving membership probabilities for any given star based on its position in phase space. The figure assumes the BT-Settl hot-start models 23 for all substellar objects. This is likely to be a very good assumption for objects formed by a direct gravitational collapse, though those that formed more slowly, by accretion onto a rocky core, could radiate away much of their initial heat during formation.
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The most straightforward approach to a survey with CHARIS would be to observe the nearest and youngest stars, which have almost invariably been included in other high-contrast imaging data sets. We provide a first estimate of the possible yield of this approach by taking the same sample of ∼250 stars, and improving the existing contrast curves at small angular separations for those visible from the Northern Hemisphere (∼200 of our ∼250). In practice, we would prioritize the targets, selecting fewer than 200 stars from this sample, and choosing additional targets from recent analyses of nearby moving groups. The right panel of Figure 5 shows the estimated completeness of the same sample of ∼250 stars after adding CHARIS observations, assuming a survey of all ∼200 potential targets in the sample. Figure 6 isolates the additional sensitivity provided by CHARIS, the difference between the left and right panels of Figure 5 . For companions in the brown-dwarf mass regime at separations comparable to those of the giant planets in our own Solar system, CHARIS could increase the completeness on the full sample by a full ∼50%, from ∼30% to more than 80%. This would provide nearly a complete census of brown dwarfs on outer Solar system scales. For the youngest and nearest stars, CHARIS would also dramatically expand our sample's completeness to exoplanets of several M Jup , again at separations of a few AU, comparable to the scale of the outer Solar system, assuming that the hot-start BT-Settl models accurately predict their evolution. Figure 6 would have much higher completeness levels below the deuterium burning limit if we restricted the analysis to truly young stars visible from the Northern Hemisphere, less than half of the full sample of ∼250 stars.
The discovery yield of such an observing program depends on the completeness shown in Figure 6 and on the distribution function of the substellar population. A recent statistical analysis 21 found that, assuming hot-start models, a distribution derived from radial-velocity observations, dN/dM da ∝ M −1.3 a −0.6 with ∼10% of stars having companions between 0.3 and 10 M Jup and separations from 0.03 to 3 AU, cannot be extrapolated past ∼30 AU. If we assume this distribution to truncate as a step function at 20 AU, then Figure 6 predicts ∼1-3 new discoveries. This number could be significantly higher with a larger truncation radius, an upturn in planet frequency at ∼5-10 AU, or with a more careful choice of target stars. On the other hand, it could be overly optmistic if the BT-Settl models over-predict the luminosity of young planets and/or the distribution function falls off far interior to 20 AU.
For a brown-dwarf-like distribution, 21 dN/dM da ∝ M −0.7 a −0.8 and normalized so that ∼5% of stars have companions between 5 and 70 M Jup and between 10 and 100 AU, the predicted discovery yield from Figure 6 is ∼1 object. A much better approach to find these higher-mass companions would be to target the very nearest stars without archival high-contrast observations. CHARIS's contrast and inner working angle would render objects above the deuterium burning threshold detectable even after several Gyr of cooling.
SPECTROSCOPY AND CHARACTERIZATION
In addition to its unique R ∼ 18 discovery mode, CHARIS will offer a higher resolution, R ∼ 75 mode. The dispersion in this mode is remarkably constant as a function of wavelength, enabling CHARIS to cover an entire band, either J, H, or K, with its ∼15 spectral measurements. CHARIS will use this mode to take low-resolution spectra of nearby exoplanets and brown dwarfs. Figure 7 shows the value of these measurements, using κ And b as an example. Its host star, κ And, is a late B/early A star with a possible, but uncertain, membership in the Columba moving group. 32 Should κ And be a moving group member, it would have an age ∼30 Myr, which would imply a companion mass of ∼13 M Jup (and log g ∼ 4.2) given its infrared luminosity. 18 However, the star could be much older, which would imply a companion mass closer to 50 M Jup , and log g ∼ 5.0.
20 Low-resolution spectroscopy can break this degeneracy, by measuring spectral shapes in the H and K bands that are sensitive to the surface gravity.
SUMMARY
CHARIS, scheduled for delivery to the Subaru Telescope in early 2016, will be the first high-contrast IFS on an 8m telescope in the Northern Hemisphere. CHARIS will offer a low-resolution dispersion mode, unique among 27-31 and assuming the BT-Settl hot-start models. 23 Right panel: the expected completeness of the same sample of ∼250 stars after observing those visible from the Northern Hemisphere (∼200 of the ∼250) with CHARIS. Figure 6 . The additional completeness provided in a merged sample of ∼250 stars 21 by observing the ∼200 targets visible from the Northern Hemisphere with CHARIS. This is the difference of the two completeness distributions shown in Figure  5 . CHARIS would dramatically improve the completeness to brown dwarfs at Solar system-scale separations, and, for the younger stars in our sample, would be sensitive to planets of a few Jupiter masses at a few AU. The completeness at low masses and small separations would be much higher if we restricted the figure to truly young stars visible from the Northern Hemisphere, less than half of the full sample of ∼250 stars. this class of instruments, that will enable it to simultaneously take spectra across the near-infrared, from 1.15-2.4 µm. This dispersion mode will combine with a very high-quality coronagraphic beam from SCExAO, Subaru's new extreme adaptive optics system, to enable contrasts of ∼10 −5 at an inner working angle of just a few λ/D, ∼0. 1. CHARIS will also offer a higher resolution mode with R ∼ 75, in which it can take spectra of a single near-infrared band, J or H or K, at a time.
CHARIS will offer exceptional sensitivity to exoplanets and brown dwarfs at small angular separation. We have estimated the yield of a CHARIS survey consisting of repeat observations of Northern Hemisphere stars targeted by high-contrast cameras, finding that such a survey of ∼200 stars might detect ∼1-3 planets. This sample contains many older stars; a careful optimization of the targets could increase the yield by a factor of a few. The yield depends sensitively on the details of the exoplanet distribution function and on the substellar cooling model adopted. A favorable distribution function, extending to 20 AU with an upturn at ∼10 AU, could significantly increase the number of detectable planets.
CHARIS will also help to characterize exoplanets and brown dwarfs, including those discovered by surveys like SEEDS, a large observing program using the Subaru Telescope's current AO and high-contrast camera. CHARIS spectra, for example, can help resolve whether κ And b is a young ∼12 M Jup object or an older ∼50 M Jup brown dwarf by looking for spectral signatures of low surface gravity. CHARIS will also combine with similar instruments including GPI and SPHERE in the Southern Hemisphere, to build a library of substellar spectra extending to masses well below the deuterium burning limit of ∼13 M Jup .
